Accumulated extrusion is a novel plane strain compression technique, akin to the process of accumulated roll bonding, designed to produce ultrane grained lamellar materials. AA1050 CP-Al processed by AccumEx displayed a grain renement from 17 µm to 1.8 µm after 2 passes (equivalent strain of 3.2) with an increase in tensile strength of ≈70%. A comparative study with the conventional equal channel angular extrusion technique demonstrated that the former displayed a higher fraction of high angle grain boundaries with very similar trend of grain renement. Up to now, extrusions up to 8 passes have been performed.
Introduction
Severe plastic deformation (SPD), ultra-ne grained (UFG) materials and nanolaminates concepts have been investigated worldwide for several decades.
Some of the prominent techniques that have been explored in thorough details are: equal channel angular pressing (ECAP/ECAE), high pressure torsion (HPT) and accumulative roll bonding (ARB) [14] . The utilization of these SPD techniques has been realized in structural applications, automobile/aircraft applications and Cu Nb like magnetic materials, because of its unique and special mechanical/functional properties [58] . Adapting an available industrial process to the production of UFG materials has lots of advantages for continuous production and process integrations but remains always a great challenge. The development of the ARB process, using conventional rolling mills was a signicant breakthrough [1] . But, a major inherent limitation of ARB is that the sheets produced are limited in thickness. As a next step, a new technique based on a conventional extrusion process has been explored. It is called Accumulated Extrusion (AccumEx), and is based on a similar principle as ARB. In the present work, the new technique has been validated with AA1050 CP aluminium and the microstructural and mechanical properties will be compared with the results from ECAP.
Experiments
As received, hot rolled and non-recrystallised AA1050
CP aluminium (with composition as shown in Table I 
Microstructures and orientation maps
The microstructures of the AccumEx processed AA 1050 samples, obtained by EBSD on the ED-ND sections, are shown in Fig. 2 . The process of grain Fig. 2e ). The mean equivalent grain size (15 • misorientation boundaries) drastically reduced from ≈16 µm to ≈4.2 µm just after 1 pass (ε equiv = 1.605) and to ≈1.3 µm after 2 passes (ε equiv = 3.21). The HAGBs fraction increased from 28% to ≈60% and ≈84% after 1 and 2 passes, respectively (Fig. 2b) . The grain renement after each extrusion pass and their corresponding HAGBs fraction are represented in Fig. 2e . Fig. 3 ). They can originate from the remnants after wire brushing. At higher strains, bending gets more prominent and is observed as an irregular deformation of the interfaces (Fig. 3c ) possibly because of inhomogeneous hardening of the material along the interfaces during the processing.
The evolution of HAGBs can be associated with the increasing mis-orientations between the grains and the dynamic recovery of the grain sub-structures [9, 10] .
In plane strain compression, the deformation has a ge- 
Mechanical properties
The hardness of the AA 1050 after each extrusion pass is presented in Fig. 4a . The measurement was done on the ED-ND sections using a Vickers hardness tester (Zwick 3202) at a load of 300 g and 10 s holding time.
The starting material had a hardness of 44 HV 0.3 . After 1 pass, there was a drastic increase to 55 HV 0.3 which further increased linearly and saturated after 4 passes (ε equiv = 6.42) at ≈68 HV 0.3 . The rst increase of 31% is majorly due to strain hardening but a further linear increase to 68 MPa has also a substantial contribution from the reducing grain size (HallPetch eect). As the UFGs are formed, the strain hardening gradually saturates after 4 passes. Tensile tests were performed along ED using an INSTRON 4467 (30 KN load cell) at a strain rate of 10 −3 /s. From the results, shown in Fig. 4b , the yield strength (YS) steadily increased by 103% up to 4 passes and maintains almost the same value for the 6th pass. But there is a drastic reduction in the elongation from ≈26% to ≈6%. However, the elongation after 1 and 2 passes has been observed to be exceptionally good compared to the ARB processed materials [12] . The reducing elongation can be attributed to the saturated strain hardening. Likewise, the presence of cracks/pores at the interfaces can also inuence it. The yield strength [12, 14] .
Conclusion
The validation of the novel SPD technique Acc-umEx was demonstrated on AA 1050 aluminium. Compared with their ECAE counterpart, the evolution of UFG and HAGBs structures in AccumEx is rapid. Acc-umEx was very ecient in achieving UFG structures with HAGBs fraction > 80% at equivalent strain 6.4. However, the UFGs in ECAP are more equiaxed while they are mainly lamellar for AccumEx. After a ECAP strain of ≈9.2 a yield strength of 200 MPa was achieved with 20% elongation. While in case of AccumEx, the same was achieved after a strain of ≈6.5 but with 6% elongation.
The properties grain renement, hardness and strength after AccumEx are in par with ARB with better elongation properties. Lamellar UFG formed already after 4 passes of AccumEx (strain 6.4) and developed into less lamellar grains with an aspect ratio ≈2 after 8 passes (strain 12.81). Furthermore, after 4 passes a strength increase of 103% with good elongation properties were achieved. But, materials processed after 4 passes showed poor ductility, probably due to the inuence of interface cracks/pores generated during the processing, which desires further investigation. Nevertheless, the novel technique is very promising and possesses a good scope in producing UFG laminate materials.
